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SUMMARY 
Tne cu r ren t  s ta tus  o f  electrodes f o r  the  NASA Redox energy storage sys- 
tem based on i r o n  and chromium ch lo r i de  reactants i s  discussed. D i f f i c u l -  
t i e s  i n  making well-behaved electrodes f o r  tne  cnromium s ide o f  t he  f l o w  
c e l l  nave been l a rge l y  overcome. The physical  p roper t ies  o f  several l o t s  o f  
f e l t  were aeterminzd. Refined procedures were developed . ' evaluat ing 
e lect rode performance i n  lab-scale c e l l s .  
Experimental procedures f o r  evaluat ing electrodes by c y c l i c  v o l t m e t r y  
are described wnich minimize the I R  losses due t o  the  h ign  i n t e r n a l  res is -  
tance i n  the f e l t  ( d i s t r i b u t e d  res is tance) .  Improved methods f o r  preparing 
electrodes were aiscovered whicn reduced the coevolut ion o f  hydrogen a t  the  
OI 
m cnromiu~n e lect rode and e l iminated the drop i n  vo l tage on d i s  harge occasion- 
h a l l y  seen w i t n  previous electrodes. Single c e l l s  o f  0.33 f t  f area w i t h  
I 
w i l jproved InernDranes and electrodes are operat ing a t  over 80 percent vo l tage 
e f f i c i e n c y  and coulombic e f f i c i e n c i e s  o f  over 98 percent a t  cur ren t  densi- 
t i e s  o f  16 t o  LO amp/f tL. 
I NTROOUCT I ON 
I n  tne NASA-Redox energy storage system, a so lu t i on  o f  ox id i z ing  agent, 
f e r r i c  cn lo r i ae  i n  H i l ,  i s  pumped tnrougn one co~npartment o f  an e iectrocnem- 
i c a l  c e l l ,  a ~ l d  a so lu t i on  o f  a reducing agent, cnromous cn lo r i de  i n  H C I ,  i s  
pumped througn tne other  colapart~nent . An aniorkexchange memorarie separates 
tne compdrtments arm prevents tne cross-mi x ing o f  tne reac t i ve  cat ions. 
Electrodes cons is t  o f  carbon f e l t ,  c a t a l  zed on tne  cnromium s loe by t race  I quan t i t i es  o f  AL: ana ?b (10 t o  200 kg/c ). NO c a t a l y s t  i s  needed on the  
i r o n  side. A scnematic diagram o f  a s ing le  Redox c e l l  and tne  e lect rode 
react ions i s  snown i n  f i g u r e  1. During aischarge cn lo r i de  ions move from 
tne cathode compartment t o  tne anode compartment, and hydrogen ions  move i n  
tne opposite a i rec t ion .  On chdrge a l l  react ions are reversed. This  system 
has been under development a t  Lewis Research Center (LeHC) since 1974 w i t h  
funding from NASA and DOE. Since a l l  species are f u l l y  soluble, there are 
no l i f t s 1  i m i t i n g  fac to rs  sucn as shape changes, i nac t i ve  forms o f  reactants, 
and dendr i te  formation. There are a lso inany advantages i n  system s i z i n g  and 
con t ro l  t h a t  have been uiscussed elsewnere ( re f s .  1 and 2 ) .  
Semi-permeable membranes have been developed over tne past o years t h a t  
are s u f f i c i e n t l y  conductive and se lec t i ve  f o r  use f o r  photovo l ta ic  and wind 
energy storage appl icat ions.  Metnods o f  keeping the system i n  balance have 
been aeveloped. Flow characterization and analys is  o f  snunt cur ren ts  have 
been ca r r i ed  out, and nardware nas oeen scaled up wi th l i t t l e  d i f f i c u l t y  
( re fs .  3 and 4 ) .  
Oevelopment o f  tne electrodes has been c a r r i e d  out  i n  conjunct ion wi th  
t h e  above studies. The ra tes  o f  ox ida t i on  and reduct ion i n  tne  fe r rous  and 
f e r ~ i c  ions are r a p i d  enough t h a t  uncatalyzed carbon f e l t  can be used on the  
i r o n  s ide o f  t he  c e l l ,  b u t  a c a t a l y s t  i s  needed on the  cnromium s ide  s ince 
tne r a t e  o f  reduct ion o f  C r ( 1 I I )  t o  C r (1 I )  i s  slow on most surfaces. The 
c a t a l y s t  must a l so  have a n igh  overvoltage f o r  hydrogen s ince thermodynami- 
c a l l y  hydrogen i s  evolved before chromium i s  reducea. Appreciable coevolu- 
t ion  of nydrogen reduces the  coulombic e f f i c i e n c y  and a lso  over the  course 
o f  Inany cycles a1 lows the system t o  get out o f  balance e lect rochemical ly  and 
thus lose e f f e c t i v e  capacity. Giner, Inc. o f  Yaltham, MA ( r e f .  5 found 
under contract  na t  t race  amounts of Au and Po (12 t o  25 ~g Aulc and 100 2 4 t o  Loll ~g r'olcr ) deposited on the f e l t  would m e t  tne requirements f o r  an 
e f fec t ive  cata?yst .  Lead metal has long oeen known as an e f f e c t i v e  c a t a l y s t  
f o r  the  reduct ion of ~ r " ~  t o  ~ r + ~ .  Tne presence o f  t race  amounts of Au 
seems t o  be necessary t o  produce a surface on which tne Pb p la tes  ( o r  ad- 
sorbs) uni for ln ly  dur ing the  charging cycle. The Au-Pb c a t a l y s t  a l so  i w  
proves the discnarge r a t e  o f  tne c e l l .  
I n  sca l ing  up the  NASA-Redox system f o r  photovo l ta ic  energy storage, a 
1-kW preprototype system has been bu i  l t  a t  NP,SA Lewis Research Center and i s  
llow oeing in tegra ted  and testea wi tn  the  NASAIDOE Pnotovol ta ic  Systems Test 
F a c i l i t y .  To construct  t h i s  system, a new l o t  o f  caroon f e l t  was purchased 
from tne vendor, F i b e r  Mater ials,  Inc. of Biddeford, ME. This  i s  produced 
by thermal decomposition o f  118-incn rayon f e l t .  f i n a l  tnickness as meas- 
ured oy a standard thickness gauge i s  from 0.060 t o  0.110 inch  w i t n  most 
samples i n  the range 0.080 t o  0.030 inch. When used i n  tne f l ow  c e l l  
s t a c ~ s ,  i t  i s  s l i g n t y  compressed by 0.012 t o  0.01b inch. It was found t n a t  
electrodes prepared w i  t n  t n i s  new l o t  had much nigher ra tes  o f  hydrogen evo- 
l u t i o n  than those m3de w i t h  the o r i g i n a l  l o t  as we l l  as d isp lay ing  a lower 
voltage i n  the l a t t e r  stages o f  discharge ( f i g .  2 ) .  Oiscussions w i t h  the  
~nanufacturer d i d  no t  reveal  any obvious reason f o r  t h i s  behavior. A study 
was i n i t i a t e d  t o  discover tne reasons f o r  the poor e lect rode behavior and t o  
determine ways t o  prepare sa t is fac tory  electrodes from d i f f e r e n t  l o t s  of 
f e l t .  
EXPERIMENTAL 
Prel iminary character izat ion.  - X-ray charac ter iza t ion  o f  d i f f e r e n t  
l o t s  o f  f e l t  snowea no di f ferences i n  tne  d e ~ r e e  o f  c r v s t a l l i n i t v .  so t n a t  
tne d i f ferences were assunled t o  oe uue t o  surface e f fec ts .  ~ r o s i  - d i f f e r -  
ences i n  the  ra tes  o f  ox ida t ion  i n  a i r  a t  430" t o  500- C were observed. 
Cleaning i n  inorganic acids reduced tne ra tes  o f  ox ida t ion  considerably. 
Whether t h i s  was due t o  the reinoval o f  t race  inorganic impur i t i es  o r  t o  mod- 
i f i c a t i o n  o f  the carbon surface nas not  been determined. 
Differences i n  w e t t d b i l i t y  were observed a t  NASA Lew ; Research Center 
and quan t i f i ed  oy Giner, Inc. ( r e f .  b). rhese d i f ferences i n  w e t t a b i l i t y  
apparently led  t o  d i f ferences i n  tne amount o f  gold deposited on the  f e l t ,  
e i t h e r  adsorDed o r  reduced oy reac t ive  s i  tes. Neutron a c t i v a t i o n  analys i  s 
and x-ray f luorescence analyses confirmed t h i s .  However, even wnen proce- 
dure; were modi f ied so tha t  tne same amount o f  gold was deposited on the 
surfaces of d i f f e r e n t  samples, ther: were s t  i l l di f fe rences i n  the  e lec t ro -  
chefflicdl behavior i n  botn lab  c e l l s  and i n  c y c l i c  vo1tarrmetr.y experiments. 
Mater ia ls  and apparatus. - A l l  chemical; used were c.P.- 0Gonized 
water was used f o r  preparing a l l  solut ions. 
The laooratory subscale f low ce l  i f o r  evaluating experimental elec- 
trodes nas been described i n  previous publ icat ions (refs. 1 and 2)  and was 
equipped w i th  a rebalance c e l l  ( ref .  2 )  t o  recombine any evolved hydrogen 
w i tn  excess f e r r i c  ion produced as a net  r esu l t  of side reactions. The 
amount o f  nyarogen evolvea as a funct ion o f  state of  cnarge o f  the c e l l  
served t o  characterize the i n l i v i d u a l  electrodes. Most lab scale experi- 
me t s  were c a r r i  d out i n  c e l l s  w i th  1-112 by 1-112-inch electrodes (14.5 3 3 CI ) using 40 c of eacn solution. This corresponds t o  1.075 ampnour 
o f  capacity w i tn  the 1 M solut ions used. An amp-ncur meter on tne working 
c e l l  allows determination o f  tne coulombic e f f i c iency  f o r  each cycle. 
Hydrogen evolved from the ct~romium side of  tne working c e l l  was fed t o  
tne nydrogen electrode o f  the reoalance ce l l .  A second meter on the rebal- 
ance c e l l  asured the amp-hours produced by the hyarogen as i t  reacted w i tn  
excess Fe+Sein t h i s  ce l l .  Thus the proport ion o f  current going t o  produce 
tne byproduct hydrogen could be monitored continuously. 
A l l  cyc l i c  voltamnetry experiments described here were car r ied out  by 
scanning a t  a r a te  o f  10 mV/sec from 0.00 t o  -1.00 v o l t  w i th  respect t o  the 
:$$fl+f lectrode wi tn the exception o f  the comparison scan o f  th2 curve from 0.00 t o  1.00 vo l t .  Act ive electrode area was 
2 c (1.20 x 1.67 cm). S t r ips  o f  tne f e l t  t o  be examined were cut  the 
appropriate size (1.20 2.67 cm) and placea i n  the sample holder. The sample 
nolder i s  a standard small binder clamp about 314 incn wide obtainable i n  
o f f i ce  supply stores. Copper s t r i ps  are solderea t o  the insides o f  the jaws 
and a threaded rod 118 inch i n  diameter i s  soldered t o  tne top. The act ive 
area was hela t i g n t l y  i n  tne waxing snie ld so that  not wax would not 
penetrate i n t o  it, ana the upper por t ion including the electroae holder was 
dipped i n to  hot wax. 
The waxing shie ld i s  made from a steel  s t r i p  about 30 mi l s  tnick, 
1 inch wiae, and 4-111 inches long wi tn  b lunt  ends so tha t  the f e l t  i s  not 
cut  wnen the snie ld i s  tigntened. The s t r i p  i s  bent i n  ha l f  as shown and 
holes o r i l l e d  f o r  a oo l t  t o  t ignten the jaws on tne f e l t .  The jaws are 
tightened enougn so tha t  tne wax does not wick up i n t o  the act ive por t ion 
but not so t i g n t l y  that  the f e l t  i s  cut (about 0.5 mn). 
Tne wax bath used was a pat tern wax w i th  a m.p. o f  150- t o  175- C. 
best resu l t s  were obtained when tne Loth was held a t  130Y*5' C. This pr*  
cedure ensured that  the solut ion would contact only tne desired por t ion o f  
the f e l t  as well  as provide good e l ec t r i ca l  contact between the f e l t  and 
tlolder. See f igu re  3 f o r  oetai 1s of  the electrode preparation and arrange- 
ment of  electrodes i n  the cp l l .  The c e l l  was a I s 0  m l  beaker wi th a Teflon 
top inacnined t o  f i t .  Holes were d r i l l e d  i n  t h i s  f o r  electrodes. A AgIAgCl 
reference electrode was used. Counter electrodes were carbon rods contained 
i n  f i t t e d  glass tubes. A l l  sdlut ions were 2 M w i th  respect t o  H C l  as i n  
most of  the f low c e l l  lneasuremnents. Wnen measurements were taken i n  CrCl3 
solutions, tne Cr ( I I1 )  concentration was 0.05 M rather than the 1.00 M 
presently used i n  ce l l s .  The use o f  tne e concentarations and scan r3tes 
allowed su f f i c i en t  separation of  tne C r t f  reduction peak and the r i s e  i n  
current due t o  hydrogen evolution. About 80 t o  85 91 of solut ion were 
used. Most scans are aepicted a f t e r  4 t o  5 sweeps wnen tne curves Decane 
reasonably steady. Many experiments were run f o r  much longer times, and 
s ign i f icant  Changes were noted i n  some cases as described below. No attempt 
was made t o  correct f o r  I H  drop between the reference and working electrodes 
since tne purpose was only t o  maKe comparisons between electrodes although 
approximation o f  tne r a t e  constant can be made. These points w i l l  be dis- 
cusses l a te r  along wi th the consequences o f  changing tne electrode size, 
snape, and mounting. 
RESULTS AN0 DISCUSSION 
Subscale f l o w  c e l l  studies. - Some o f  t h e  r e s u l t s  o f  t he  hydrogen evo- 
l u t i o n  studies i n  subscale f l ow  c e l l s  are shown i n  f i g u r e  4. The amp-hours 
measured on t h e  rebalance c e l l  are p l o t t e d  against the  opercc i r cu i t  vo l tage 
ind i ca t i ng  the  amoaunt o f  hydrogen evo lu t ion  as a func t ion  o f  s ta te  o f  
charge of t he  system. The s ta te  o f  charge i s  r e l a t e d  t o  t n e  operbc i r cu i t  
voltage using the  Nernst equation 
These data are f o r  the f i r s t  charging cycle, since when a c e l l  gets out  of 
balance due t o  Hz evolut 'on, ch r a t i o  o f  [ ~ r + ~ ] l [ ~ r + ~ j  no longer +i +O equals the r a t i o  o f  [Fe ] l i f e  1, and t h e  same open-c i rcui t  voltage 
corresponds t o  a d i f f e r e n t  s t a t e  of charge f o r  t he  system. I f  we compare 
curve A (our o r i g i n a l  f e l t )  w i t h  curve 3 ( t he  new l o t  o f  f e l t )  we see t h a t  
w i th  the o r i g i n a l  f e l t  very l i t t l e  nydrogen was evolved u n t i l  t he  system was 
about 90 percent charged compared t o  about 75 percent s t a t e  of cnarge w i t h  
the  newer f e l t s .  Both o f  these were cleaned i n  H2So4. 
Since tne  pre l iminary examination indicated t n a t  the di f ferences be- 
tween the  f e l t s  was a surface e f fec t ,  these r e s u l t s  could be due t o  organic 
impuri t ies, inorganic impur i t ies,  d i f ferences i n  func t iona l  groups on the  
surface, o r  a combination o f  t he  above a f f e c t i n g  the  deposi t ion o f  t he  cata- 
l ys t .  Many other e lectrode cleaning procedures were t r i e d  inc lud ing clean- 
i n g  i n  HNS, concentrated HG1, and no cleaning. Cther pretreatments i r k  
clude heating i n  a i r  a t  800 F and i n  H2 a t  1600' F. P l a t i n g  methods irc 
cludea p l a t i n g  gold i n  s i t u  fol lowed by add i t ion  o f  lead t o  the  chromium 
solut ion, p l a t i n g  o f  both Pb and Au a t  the  same t ime i n  s i t u ,  and deposi t ion 
o f  gold oy thermal decomposition o f  AuCl3. Tne l a t t e r  method gave the 
most consistent  resul ts ,  and a l l  data i n  f i g u r e  4 are f o r  t h i s  procedure. 
I t can be seen t h a t  superior r e s u l t s  were obtained by cleanis J t he  f e l t  i n  
HN03 (curve E ) .  Since t h i s  f i g u r e  was prepared, newer l o t s  of f e l t  have 
snown performance intermediate between the  "new" and "old" f e l t s .  
Tne best r e s u l t s  t o  aate have been obtained by using an improved pre- 
treatment process combined w i t h  an improved method o f  deposi t ion o f  t ne  
gold. Data f o r  the  newer electrodes i s  given i n  f i g u r e  5. I n  t h i s  f igure,  
as i n  f i g u r e  4, t ne  data presented are f o r  the  f i r s t  cyc le  since the  open- 
c i r c u i t  voltage cannot be cor re la ted r e a d i l y  w i th  the s t a t e  o f  charge i f  the  
c e l l  i s  out o f  balance. Improved performance i s  obtained i n  subsequent cy- 
cles. An important aspect o f  t h i s  metnod o f  preparat ion i s  t h a t  i t  produces 
well-benaved electrodes from most l o t s  o f  f e l t  t r i e d  so fa r ,  so t h a t  charac- 
t e r i z a t i o n  o f  the f e l t  i s  no longer a major problem. Witn these electrodes, 
hydrogen evo lu t ion  i s  n e g l i g i b l e  u n t i l  h igh  charging voltages are reached. 
High coulombic e f f i c i e n c i e s  (98.5 percent) can be obtained i n  small lab 
c e l l s  where the  charging and discharging i s  ca r r i ed  out  so t n a t  t h e  cur rent  
tapers as the  charging o r  discharging process nears completion. (Charging 
o f  such c e l l s  i s  ca r r i ed  out  a t  a constant cur rent  u n t i l  a preset 1imi:ing 
voltage i s  reacned, a t  whicn po in t  tne  cur rent  tapers. Discharging i s  car- 
r i e d  out  a t  a constant load so t h a t  the  cur rent  tapers as tne  open c i r c u i t  
voltage f a l l s . )  
Electrodes prepared i n  t h i s  manner e x h i b i t  s imi l a r  cha rac te r i s t i cs  when 
tested i n  the  same manner i n  113 ft2 c e l l s .  When the  cur rent  densi ty  dur- 
i ng  most o f  th* cyc le i s  between 16 and LO ASF, coulombic e f f i c i enc ies  o f  
over 98 percent and voltage e f f i c ienc ies  o f  over 80 percent are obtained. 
Figure b(a) snows a t yp ica l  charge-discharge curve of  a 113-ft2 ce l  l wi tn  
a low resistance membrane and Ubest" electrodes. Figure 6(b) snows the 
po lar izat ion curves a t  30 percent 000. Essent ia l ly  a l l  the po lar izat ion i s  
due t o  tne I R  drop across the membrane. 
Cycl ic  voltamnetry screening tests. - Cycl ic  voltamnetry nas been found 
usefu l  as a screening method when examfning tne oenavior o f  d i f fe ren t  l o t s  
o f  f e l t  ana the e f f ec t  o f  various treatments on the chromic oxidat ion and 
reduction and tne hydrogen evolution. Tne electrode material i s  a porous 
f e l t  composed o f  randomly oriented carbon f i b e r s  of about 23 ~r diameter. 
Spacing between adjacent f i be r s  varies a t  random but i s  probably less than 
100 II a t  most points. The usual equations f o r  cyc l i c  voltamnetry are v a l i d  
f o r  smooth surfaces and cannot be r igorously applied here. We must r e l y  
here on comparison t o  electrodes known t o  behave wel l  o r  poorly i n  c e l l  
tests. 
I n  order t o  establ ish a baseline f o r  cyc l i c  voltamnetry i n  t h i s  porous 
f e l t  medium, experiments were f i r s t  car r ied out w i tn  f e r r i c  chlor ide solu- 
t ions. Curve A o f  f i gu re  7 shows a sweep from O,? t o  1.0 v o l t  o f  0.05 M 
F e C l j  solut ion i n  2 M H Z l .  As mentioned above, t n i s  i s  uncorrected f o r  I R  
drop and was taken a t  a sweep r a t e  o f  10 mVlsec. The area under the curves 
corresponas t o  reduction on tne cathodic sweep of  essent ia l ly  a l l  the f e r r i c  
ion  contained i n  the pores of  the f e l t  and the subsequent oxidation of a l l  
of tne resu l t ing ferrous ion on tne anodic sweep. The curves do not d i f f e r  
qua l i ta t i ve ly  from the usual cyc l i c  voltammetry curves on planar elec- 
trodes. Thus tne metnod appears t o  be useful f o r  porous electrodes, even i f  
i t  cannot be treated theoret ical  ly. 
I n  a l l  of the followinc, curves, the voltage range i s  from 0.0 t o  -1.0 
vol t .  Curve 8 shows tne behavior o f  an uncatalyzed f e l t  electrode i n  
C r i l j  so lut ion snowing very l i t t l e  c h r ~ i u m  reduction. 
iu rves C tnrough F show the e f f ec t  of  the various steps when preparing 
a catalyzed electroae oy p la t ing  i n  s i tu.  Curve C snows tno behavior o f  
uncataljzed "good" f e l t  i n  2 M HCI, The nydrogen evolut ion current a t  -1.0 
vo l t  i s  aoout L mA and i s  much less tnan wi th most l o t s  of  f e l t .  Curve 0 
snows tne e f fec t  on the nydrogen evolut ion current when 12.5 ug/cm2 of Au 
i s  plated onto the electrode. The current a t  -1.0 v o l t  i s  about 35 mA. I n  
curve E we see t b l e  e f fec t  o f  aading saturated ? d l 2  solut ion t o  the, solu- 
t i o n  (1 dr0pllO cc solution, i n  t n i s  case amounting t o  500 vg ?blcm2 of  
electrode area). The hydroqen evolut ion current a t  -1.0 v o l t  has decreased 
t o  about 1 mA. I n  curve i, CrC1-j has been added so tnat  tne chromiu~n con- 
centrat ion i s  0.05 M. we see here the cnaracter ist ics o f  a well-oehaved 
electrode, that  is ,  nigh chromium current coupled wi tn low nydrogen evolu- 
t l o n  current. Some electrodes prepared i n  various ways have shown higher 
chromium currents but only i n  conjunction w i th  hit-qer hydrogen currents. 
These electrodes d i d  no: perform wel l  i n  lab ce l ls .  Thus, i n  r e l a t i ng  the 
cyc l i c  voltammetry t o  tne performance expected i n  lab ce l  Is, i t  i s  more i n k  
portant t o  nave a small hydrogen evolut ion current than an increase i n  chro- 
mium reduction a c t i v i t y  once a reasonable chromium ca ta ly t i c  a c t i v i t y  i s  
obtained. 
I n  carves [: and H he see some typ ica l  resu l t s  f o r  electrodes prepared 
wi tn P D  but without Au. (This par t icu lar  electrode i s  h ighly oxidized and 
tnus nas high surface area and oxidized funct ional  groups on the surface.) 
I n  curve G we see the behavior a f te r  4 t o  5 sweeps. Tne benavior appears 
acceptable, tha t  is ,  high chromium current coupled wi th  low hydrogen evolu- 
t i o n  current. However, a f te r  cycl ing f o r  several hours (curve H), the hy- 
drogen current  nas gone up and the  anodic p o r t l o n  of the  curve i s  se a ra t i ng  
i n t o  two peaks, the  f i r s t  probably correspond'ng t o  ox ida t ion  o f  Cr*$  on a +1 Pb surface and the  second t o  ox ida t ion  o f  C r  on the  carbon ur face a f t e r  
most o f  the  Pb has been removed from the surface o r  a f t e r  ~ r +  has been 
depleted i n  the  v i c i n i t y  o f  t he  ?b si tes.  Electrodes such as t h i s  i n  l a b  
c e l l s  behaved we l l  a t  f i r s t  but  w i t n  t ime showed tne  d i p  on the discnarge 
curve as shown i n  f i g u r e  2. Many electrodes prepared w i t h  gold a lso  showed 
t h i s  behavior. The assumption i n  t h i s  case i s  t h a t  the  Au was not  d i s t r i bu -  
ted  we1 1 over the surface, l o c a l  deplet ion o f  reac tant  occurs around the  
ac t ive  si tes, and a p o r t i o n  o f  the chromium ox idat ion  takes placc on carbon 
ra tne r  than P o  o r  Au. 
Electrcdes could be prepared s a t i s f a c t o r i l y  f o r  c y c l i c  v o l t a m e t r y  ex- 
periments and i n  small lab  c e l l s  by p l a t i n g  i n  s i t u ,  but  i t  was found t h a t  
i n  la rger  c e l l s  and stacks there was some react ion  of t he  AuCl3 w i t h  t h e  
membrane and some innornogeneity i n  tne  g ~ l d  i s t r i bu t i on .  I t  has been found 
most sa t i s fac to ry  t o  apply gold by thermal decomposition of AuCl a t  260" 
t o  280" C. Co l l o ida l  gold deposits were a l s  investigated. Curve I shows 
the behavior o f  an electrode w i tn  12.5 vg lc  3 o f  c o l l o i d a l  Au deposited on 
the  f e l t  by formaldehyde reduction. This a lso showed high hydrogen evolu- 
t i o n  and was unsuitaole f o r  use i n  ce l l s .  
i n  curve J we see the  c y c l i c  voltamnogram of an e lectrode prepared by 
HNOj  cle, ning o f  a l o t  o f  "bad" f e l t  fol lowed by thermal decomposition o f  9 13 uglc o f  Au onto the  surface. This e lectrode proved sa t i s fac to ry  i n  
lab  c e l l s  but  not  i n  larger  c e l l s  where the r a t i o  o f  f low volume t o  surface 
area i s  smaller. Voltammograms o f  electrodes removed from c e l l s  and allowed 
t o  come i n t o  contact w i th  a i r  also haa!e t h i s  general appearance. Tnese 
cannot be reused wi thout  excessive hydrogen evolut ion. 
I n  curve K we see the c y c l i c  volthmnogram o f  our best eiectrode so fa r ,  
prepared w i  t n  an improved pretreatment methoa and a modif ied gold deposi t ion 
method. This was prepared from our "bad" f e l t  which had previously been 
unusable. The hydrogen evo lu t ion  i s  much smaller than t h a t  o f  the  previous 
electrode. Cyc l ic  voltammograms o f  these electrodes r e t a i n  t h e i r  shape af- 
t e r  cyc l i ng  f o r  several days. I n  l ab  c e l l s  these electrodes do not  develop 
a drop i n  the discnarge curve w i t h  time. 
A t  t h i s  po in t  we conclude t h a t  i f  an e lectrode gives a c y c l i c  voltamm+ 
gram s i m i i l a r  t o  t h a t  o f  curves F or  K and re ta ins  t h i s  shape a f t e r  repeated 
cycl ing, i t  i s  l i k e l y  t o  be s a t i s f c t o r y  i n  l ab  c e l l s  and larger  ce l l s .  The 
t e s t  i s  not conclusive, since there has been a t  leas t  one electrode which 
looked sa t is fac tory  by these c r i t e r i a  but  evolved too  much hydrogen when put  
i n t o  lab ce l l s .  We hope t o  improve our screening methods by varying the  
experimental condit ions. 
I n  bu i l d ing  the 1-kw preprototype Redox system a t  Lewis Researcn 
Center, over 200 electrodes were preparea and i n d i v i d u a l l y  tested by these 
methods. Tne electrodes were made s l i g h t l y  oversized and s t r i p s  cu t  f o r  
test ing.  I n  some cases tes ts  were run i n  small l ab  c e l l s  t o  v e r i f y  the  
c y c l i c  voltamnetry resu l ts .  The small c e l l  r e s u l t s  and the  experience tt, 
date w i th  tne 1-kW system have confirmed t h a t  the above t e s t  procedure i s  a 
v a l i d  p red ic t i on  o f  f u l l - s c a l e  c e l l  performance. 
Oiscussion of c y c l i c  voltamnetry experimental setup and resul ts .  - I n  
car ry ing  out  these screening experiments i t  became apparent t h a t  the d e t a i l s  
of the  mounting and arrangement o f  the electrodes are very important. This 
i s  due t o  the nature o f  the f e l t  electrode, tna t  is,  i t s  h igh i n t e r n a l  re- 
sistance compared t o  usual electrodes and i t s  h igh  i n t e r n a l  surface area. 
It was found t h a t  electrodes o f  d i f f e r e n t  sizes, shapes, and mounting 
d i d  no t  g ive  the  same types o f  voltamnetry curves. Measurements o f  the  in- 
t e r n a l  res is tance o f  the  f e l t  were mad*. S t r i p s  o f  f e l t  o f  var ious widths 
and lengths were clamped between two e lect rode holders, For example, a 
s t r i p  1.20 x 1.07 cm ( the  dimensions o f  the e lect rode used i n  these experi- 
ments) had a res is tance i n  t he  lengthwise d i r e c t i o n  o f  about 2.3 . I f  t h i s  
e lect rode i s  cz r r y ing  a cur ren t  o f  50 mA ( t y p i c a l  o f  peak currents i n  these 
experiments), there would be an I R  drop from t o p  t o  bottom o f  t he  e lect rode 
o f  115 mV, t h a t  i s ,  the  voltage a t  the top o f  t ne  ac t i ve  area would be sig- 
n i f i c a n t l y  d i f f e r e n t  from t h a t  a t  t h e  bottom o f  the  electrode. There i s  an 
add i t iona l  :R drop i n  tne  0.5 cm patn from the top o f  the ac t i ve  area t o  the  
e lect rode holder. The cur ren t  d i s t r i b u t i m  would be a f fec ted  by t h i s  and 
should be very nonuniform. From a number o f  res is tance measurements on var- 
ious  pieces o f  f e l t ,  assuming the thickness o f  the  loose f e l t  t o  be about 
80 mils,  the volume r e s i s t i v i t y  o f  the  loose f e l t  was calculated t o  be about 
0.3 n-cm (about 200 t imes t h a t  o f  graphi te) .  
The ne t  e f f e c t  o f  the  h igh  res is tance o f  the  f e l t  i s  t h a t  the p o t e n t i a l  
oetween the working e lect rode and the reference e lect rode i n  the  c e l l s  i s  
no t  tne same as the p o t e n t i a l  d i f fe rence a t  the terminals  o f  t ne  po tent i *  
s t a t  and i s  no t  tne same a t  d i f f e r e n t  po in t s  on ti;? working electrode. 
Rather than t r y  t o  co r rec t  f o r  tnese e f fec ts ,  we have chosen t o  standardize 
the condi t ions o f  measurement. I n  order t o  minimize the res is tance ef fects,  
we are now using electrodes o f  1.41 x 1.41 cm. This sample s ize  gave 
s l i g h t l y  be t te r  d i f f e r e n t i a t i o n  between the chromium and hydrogen reduct ion  
peaks. We chose not  t o  go t o  smaller area electrodes o r  shorter, wider 
electrodes because t h i s  would introduce greater uncer ta inty  i n  the ac t i ve  
area due t o  s l i g h t  va r i a t i ons  i n  t he  amount o f  coverage by the  hot wax used 
t o  mask the e lect rode holder and i nac t i ve  f e l t  area. 
We also p re fe r  t o  use an e lect rode o f  loose f e l t  r a the r  than compress- 
ing  the f e l t  i n  a holder. This  compression w i l l  a f f e c t  the contact res is -  
tance o f  the f i b e r s  i n  the f e l t ,  probably i n  a nonreproducible way. It w i l l  
a lso a f fec t  tne amount of e l e c t r o l y t e  re ta ined w i t n i n  tne pores o f  the f e l t  
and thus modify tne  curves. 
Tne e f f e c t s  of varying tne res is tance drop and compression o f  tne  f e l t  
are i l l u s t r a t e o  by tne curves i n  f i g u r e  9. 
Curve A shows the benavior o f  a good e lect rode i n  our usual experimen- 
t a l  setup, w i t n  d i s t i n c t  separation of the cnromium and hydrogen reduct ion 
peaks. A piece o f  the sdi:,> e lect rode was used f o r  curve B, bu t  the  clec- 
trode was a s t r i p  0.55 In ~ l a e  x 7 cm long, t:re ac t i ve  (unwaxed) area being 2 0.55 cm x 3.65 cm ( 2  CI area as before).  The hydrogen and chromium re- 
duc t i n  peaks are not  we1 1 separated, and the current  i s  mucn lower. I n  
curve C we have an e lect rode o f  our usual s ize  and shape (1.20 x 1.67 cm) 
but  held i n  a c o i l  o f  Ta wire. Again tnere i s  poor d i f f e r e n t i a t i o n  between 
tne  cnro~nium and hydrogen peaks. tly us ing 2:; average value o f  resistance, 
correct ions can be made t o  tne above curves which b r i ng  them i n t o  c loser  
agreement. However, s ince the res is tance var ies  over the ac t i ve  area, t h i s  
i s  only  approximate. Another e f f e c t  o f  the varying I R  drop i s  t h a t  the +.rue 
sweep r a t e  i s  d i f f e r e n t  a t  d i f f e r e n t  po in t s  on tne e lect rode and i s  not  the  
same as t n a t  between the po tent ios ta t  terminals. The res is tance e f fec ts ,  
tnen, are very complex and w i  11 be d i f f i c u l t  t o  analyze s a t i s f a c t o r i l y .  
As mentioned e a r l i e r ,  when es tab l ish ing  a basel ine by running c y c l i c  
voltamnetry curves w i t h  FeCl3, c a l c  l a t i o n  o f  the  area under the  curve 
showed tha t  essen t i a l l y  a l l  tne Fe*! contained w i t h i n  the po es o f  t h e  
+ h f e l t  was reduced on the cathodic sweep and the r e s u l t i n g  Fe was ox id ized 
on tne anodic sweep. This and other experiments established t ha t  very lit- 
t l e  o f  the current can be accounted f o r  by d i f fus ion  from the bulk o f  the 
solution. The reactions are essent ia l ly  eactant-l imited by the m t e r i a l  9 1 wi th in  the pores of the f e l t .  For a 2-c elctrode, about 0.42 cm o f  
e lec t ro ly te  i s  reta ined i f  the electrode i s  not  compressed. Ye a s s w  from 
tha t  tne actual electrode area i s  a t  
so t ha t  the in te rna l  area of our 
volume t o  area r a t i o  ( the  average 
e lec t ro ly te  thickness) i s  about 35 p. I f  we compare t h i s  t o  the 500 v di f -  
fusion layer thickness usual ly  found w i th  stat ionary planar electrodes be- 
fore  convection sets in, i t  i s  obvious t na t  the condit ions are e n t i r e l y  d i f -  
f erent f o r  t h i s  type o f  electrode. I n  the absence o f  any theoret ica l  analy- 
s i s  o f  tne voltamnetry o f  such high resistance-high area electrodes, i t  i s  
important t o  keep the experimental condit ions constant i n  order t o  obtain 
data that  can be used f o r  qua l i t y  cont ro l  o f  the electrodes. 
I n  our experimental setup, two counter electrodes were used a t  angles 
t o  the work~ng electrode. The reference electrode was placed between the 
counter electrodes about 1 cm from the working electrode. No Luggin capi l-  
l a r y  was used. Changes i n  the pos i t i on  o f  the reference electrode o f  *0.5 
ctn a i d  not a f fec t  the curves. Good conduct iv i ty  o f  leads and contacts was 
essential. 
Variat ions i n  current w i th  time and w i th  d i f f e ren t  pieces o f  the same 
electrode were usual ly  w i th in  about 10 percent, due t o  var iat ions i n  the 
act ive  area, amount o f  solut ion w i th in  the f e l t ,  and var iat ions i n  tne ac- 
t i v i t y  of  t ~ l e  samples. 
The amount o f  Pb used i n  the c y c l i c  voltamnetry experiments i s  much 
more than tha t  used i n  tne f low cel ls .  I n  the f low c e l l s  one drop o f  Sat& 
rated PbClz i s  us d per 10 cc o f  solution, which produces a concentration 
o f  about 6.2ax10-f H. Me used a d i f f e ren t  amount i n  the cyc l i c  volt- 
t r y  experiments since i n  t h i s  case the solut ion i s  s t a t i c  rather than being 
pilmpec through the ce l ls ,  and essent ia l ly  only tne ~ b + ~  contained w i t h i n  
+ r e  pores o f  the f e l t  i s  plated onto the electrode. I n  the c y c l i c  voltamne- 
t r y  experiments we ada 50 drops of scturated PbC12 per 80 cc o f  solution; 
thus about 15 ug o f  Po i s  deposited per  cm2 o f  f e l t ,  s l i g h t l y  more than 
the amount o f  Au present. Tnis shou ;d be su f f i c i en t  t o  cover a l l  o f  the 
gold. 
As discussed above, precise k i ne t i c  analysis o f  these curves i s  not 
possible since we are working wi th a porous f e l t  ratner tnan a smooth sur- 
face. Depletion of the act ive  mater ia l  w i l l  occur a t  d i f fe ren t  rates along 
the f ioers depending on the disiance oetween adjacent f ibers.  However, i f  
we look a t  the cyc l i c  v o l t m e t r y  o f  the i r o n  reactions, e f i n d  t ha t  the 
ra te  constant caculated from the peak separation a t  slow speeds gives us a 
value i n  reasonable agreement wi th  r a te  constants determined by various 
methods on s o l i d  electrodes. The peak separation A E ~  f o r  an irrevers- 
i b l e  process i s  re lated t o  otner parameters o f  the system by the expression 
wnere 
ana ly t i ca l  f unc t i on  which has been tabulated f o r  var ious values 
o f  n A E ~  ( re f .  7, pp. 338-343). 
number o f  e lect rons involved i n  t he  reac t i on  
d i f f u s i o n  c o e f f i c i e n t  f o r  t ne  ox id ized species 
d i f f u s i o n  c o e f f i c i e n t  f o r  t he  reduced species 
(QIXIOREO) 
t rans fe r  c o e f f i c i e n t  
standard r a t e  constant i n  cmlsec 
nFvlHT where v i s  t he  sweep r a t e  i n  Vlsec. 
A t  25. C, a = 38.9 nu. 
I f  we assume t h a t  0 0 ~  = OREO 1 1x10-5 cm2/sec, n = 1 and - 112 
then 
Many studies have b e ~ n  made o f  the  e lect rode k i n e t i c s  o f  the  i r o n  Redox 
k i n e t i c s  o f  the i r o n  Redox rea  t ion .  The r a t e  constant on carbon has been found 
t o  be between 1 x 1 0 - ~  and 6 ~ 1 0 - ~  depending on the  nature o f  the  carbon 
surface and the anions i n  so lu t i on  ( r e f .  8). we have obtained c y c l i c  
voltammograms on our f e l t  a t  a number o f  sweep rates. The peak separat ion 
a t  a sweep r a t e  o f  10 mVlsec corresponds t o  a r a t e  constant o f  about 1 x 1 ~ 4 .  
A t  lower sweep ra tes  o f  112 t o  1 mvlsec, the  eak separat ion 8 corresponds t o  a r a t e  constant o f  about 6x10- . The voltammetry curves of 
chromium on well-catalyzed f e l t  electrodes are s i m i l a r  t o  those o f  i r o n  bu t  
w i t h  s l i g h t l y  smaller peak spearations. From the peak separat ion a t  low 
scan rates, the  r a t e  constant f o r  the  cnromiu~n Kedox reac t i on  i s  estimated 
t o  be about 1 x 1 ~ ~  crnlsec, about 5 t o  10 times as f a s t  as the  correspond- 
i ng  i r o n  react ion. This i s  consis tent  w i t h  tne p o l a r i z a t i o n  curves i n  f i g -  
u re  o(a).  These i nd i ca te  there i s  no appreciable voltage l oss  a t  e i t h e r  
electrode due t o  ac t iva t ion .  A l l  vol tage losses are a t t r i b u t a b l e  t o  I R .  
Using the  equations f o r  peak height  ( r e f .  7 ) .  an ayvoximate value f o r  
the e e c t  ochemically ac t i ve  area of the  f e l t  can be calculated - about 
6s c ,J I c  5 o f  pro jected area. This  compares we l l  w i t h  a f a c t ~ r  o f  30 t o  
40 calculated from tne average f i b e r  diameter and densi ty  and a f a c t o r  of 
about 60 estimated f r c m  the  capacitance. 
CONCLUSIONS 
The conclusions t h a t  can be drawn t o  date about Au-Pb catalyzed elec- 
trodes f o r  the chromium side o f  the Redox storage system are as f o l  lows: 
1. Sa t i s fac to r  e lect rode performance i s  btained a t  c a t a l y s t  l eve l s  
from 10 t o  30 pglc Rt) o f  AU and about 100 ~ ~ l c r n ?  o f  Pb. 
2 .  The pretreatment o f  the f e l t  i s  very important. E a r l i e r  work 
i nd ia ted  t h a t  the nature o f  the  f e l t  was important, t h a t  i s ,  t h a t  va r i a t i ons  
from l o r  t o  l o t  were c r i t i c a l ,  but  the  newest methods o f  pretreatment 
combined w i t h  new deposi t ion nethods seem t o  be adequate t o  overcome most 
var ia t ions  i n  the f e l t .  
3. Electrodes p la ted  i n  s i t u  are not  sa t i s fac to ry  because o f  reduc t ion  
o f  the gold s a l t s  a t  reducing s i t e s  i n  o r  on the  membrane. C o l l o i d a l  gold 
electrodes do no t  look promising. 
4. Thermal decomposition o f  gold s a l t s  seems best a t  present. D e t a i l s  
o f  the procedure are very s ign i f i can t .  
5. So fa r ,  used electrodes cannot be reused wi thout  excessive gassing. 
The reason f o r  t n i s  i s  no t  known yet.  
6. Cyc l i c  voltammetry has been shown t o  be a usefu l  screening method 
f o r  Redox electrodes. D i f f e r e w e s  observed i n  the  voltamnetry scans can be 
cor re la ted  w i t h  the behavior observed i n  laboratory ce l l s .  Because o f  the  
h igh i n t e r n a l  surface area o f  tne f e l t  and the n igh  i n t e r n a l  resistance, 
experimental procedures must be standardized i n  order t o  make meaningful 
comparisons. 
7. Present methods f o r  preparing electrodes seem e n t i r e l y  ~dequate  f o r  
small c e l l s ,  large s ing le  e l l s ,  and ~ n u l t i c e l l  stacks o f  113 ftL size. E Over 200 electrodes 113 f t  nave been successfu l ly  tes ted  f o r  the  1-kW 
preprototype Redox energy storage system recen t l y  completed a t  NASA-Lewis. 
Whether f u r t h e r  refinements w i l l  be needed f o r  electrodes f o r  la rger  stacks 
w i l l  oe determinea as scale-up proceeds. 
8. The r a t e  constant f r chromium reduct ion on well-catalyzed f e l t  i s  
est inared t o  be about l ~ l O - ~ ,  about 5 t o  10 times as r a p i d  as i r o n  
reduction. 
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